We obtained the phase and intensity images of an object by detecting classical light which never interacted with it. With a double passage of a pump and a signal laser beams through a nonlinear crystal, we observe interference between the two idler beams produced by stimulated parametric down conversion. The object is placed in the amplified signal beam after its first passage through the crystal, and the image is observed in the interference of the generated idler beams. High contrast images can be obtained even for objects with small transmittance coefficient due to the geometry of the interferometer and to the stimulated parametric emission. Like its quantum counterpart, this three-colour imaging concept can be useful when the object must be probed with light at a wavelength for which detectors are not available.
The image obtained from an object illuminated by correlated photons has been studied in different experimental schemes usually referred to as quantum imaging [1, 2] . Sub-Rayleigh imaging [3, 4] and single photon imaging with structured light [5] are examples of applications of quantum light imaging. In a recent work, Lemos et al. constructed the intensity and phase images of an object by detecting photons which have never interacted with it [6] . The authors used the pairs of entangled photons generated by spontaneous parametric downconversion as a quantum source, such that one of the photons could interact with the object while the other one was detected. The quantum correlations between the photons and a fundamental path indistinguishability in an interferometer [7, 8] were responsible for that result. The effect is distinct from the previous methods based on ghost images [9, 10] , direct image [11] or interaction-free imaging [12] , since it is necessary to detect only one photon from each pair, the other one being discarded [13] . The experiment reported in [6] was theoretically explained in [14] . A variation of the experiment of quantum imaging with undetected light, using three crystals, is analyzed by S. Ataman in a Gedankenexperiment demonstrating that an object can be undetectable [15] . The visibility of the interference pattern is responsible for the imaging contrast and can be optimized in different parametric down-conversion gain regimes as discussed theoretically by Kolobov et al. [16] .
In this work we show a classical analogue of the experiment by Lemos et al. [6] . In our experiment depicted in Fig. 1 , a pump and a signal laser beams are injected into a non-linear crystal in the forward and in the backward directions, producing classical light (which we call idler) through the process of stimulated down conversion [17] . An object is placed in the path of the amplified signal beam, after its first passage through the crystal. It is known that amplitude and phase distributions of * spadua@fisica.ufmg.br the stimulating signal beam are transferred to the resulting idler beam [18] [19] [20] . Our technique also relies on the classical version of the frustrated two-photon creation by interference [21] . The idler beams produced in the first and second passages of the pump and signal beams are perfectly aligned at the crystal and interfere, revealing the phase and intensity image of the object, even though the idler beams did not interact with it. In this sense, we show that what is necessary for obtaining the object image by using light that did not interact with it are the spatial and phase correlations between the beam that interacted with the object and the detected beam, not necessarily entanglement as in [6] . A difference between our experiment and its quantum counterpart [6] is that interference visibility is not a linear function of the object transmittance [22] , meaning that very high contrast images can be obtained even of objects that are nearly opaque [16] . Ref. [23] predicts that, for objects with small mean transmittance, the signal to noise ratio in a similar arrangement using a classical phase-conjugator source is higher than that which can be obtained in quantum imaging with undetected photons [6] . As in [6] we can choose the illuminating wavelength and the detection wavelength independently, which is useful in applications where illumination must be at either end of the wavelength spectrum for which cameras are not easily obtained. Our setup is a particular instance of a nondegenerate nonlinear interferometer first discussed in [24] and shown to give an improved signal-to-noise ratio in phase measurements compared with a conventional interferometer [25, 26] . In our variant of the non-linear interferometer, the seed beam enters in the mode where an object is placed, and the other mode is used for imaging.
A simplified scalar theory is sufficient to explain the imaging phenomena, with the beams in the paraxial regime. The pump beam is considered to be a plane wave with angular frequency ω p on both passages through the crystal. We assume that the signal beam is monochromatic with an angular spectrum given byÃ(q x , q y ; ω s ) in arXiv:1801.09101v1 [physics.optics] 27 Jan 2018 its first passage through the nonlinear crystal.
An idler beam is generated in the first passage of the pump and signal beams through the nonlinear crystal [27] . In Fig. 1 , we represent the coordinate axes of the signal and idler beams that propagate in theẑ s andẑ i directions, respectively. With the reflection of these beams by the mirrors M 1 and M 2 , we change the coordinate axes such that the beams propagate in theẑ s andẑ i directions. The phase matching conditions imply that the incidence of the pump beam in a plane wave mode and a signal beam with an angular spectrumÃ(q x , q y ; ω s ) at the nonlinear crystal produce an idler beam with angular spectrumB 1 (q x , q y ; ω i ) = αÃ(−q x , −q y ; ω i ) and an angular frequency ω i = ω p − ω s , where α is a constant that depends on the nonlinear properties of the crystal and on the amplitude of the pump and signal beams [27] . The intensity of the signal beam increases by a factor 1 + |α| 2 and the intensity of the pump beam decreases by a factor 1 − |α| 2 , such that energy is conserved in the process. In our experiment, we have |α| 1, such that we can disregard the variation of the pump and signal beams intensities.
The lens L 2 projects the Fourier transform of the signal field at the crystal on the object plane positioned very close to the mirror M 2 [28] . The field amplitude just before the object can thus be written as E(x , y ; ω s ) =
The index L 2 is indicating that the scale of the Fourier transform depends on the focal length of the lens L 2 . We assume that the object has a transmission coefficient t(x, y)e iγ(x,y) , with t(x, y) and γ(x, y) being real functions, in the coordinate axes given by (x s , y s , z s ) in with the signal double passage through the object and its reflection by the mirror M 2 . The inversion of the y component of the field is associated to the inversion of the y s axis in relation to the y s axis due to reflection. The lens L 2 then projects the Fourier transform of this field onto the nonlinear crystal.
In the second passage of the pump and signal fields through the nonlinear crystal, the idler field generated on the first passage is also present, but with a much smaller intensity than those fields, which should not result in extra nonlinear effects. The stimulation of the reflected idler beam in the second parametric down conversion was neglected in the calculation, such that the total idler field considered here is the sum of the idler fields in each passage with no amplification due to the reflected idler beam. The second passage produces an idler field with angular spectrumB 2 (q x , q y ;
2 e 2iγ(−x,−y) . Note that the inversion of the signs of the x and y coordinates of the idler field in relation to the signal field is due to the fact that the phase matching conditions impose that a transverse wavevector component q in the x s y s plane of the signal field produces an idler beam with transverse wavevector component −q in the
Lenses L 2 and L 3 have the same focal length. L 3 projects the Fourier transform of the idler beam at the crystal on the mirror and then the Fourier transform of the field at the mirror M 1 back to the crystal. A phase shifter P S positioned between L 3 and M 1 allows the control of the relative phases between the idler beams generated in the first and in the second passages of the pump and signal beams through the nonlinear crystal. This phase is adjusted to be φ when there is no object close to M 2 . L 4 then projects the Fourier transform of the idler beams at the crystal on the detection plane. Since L 4 has twice the focal length of L 2 and L 3 , there is a magnification by a factor of 2 [28] . The idler field at the detector (CCD camera) is thus
where the first term in the right side represents the idler beam component that was generated in the first passage of the pump and signal beams through the nonlinear crystal. The second term in the right side represents the idler beam component that was generated in the second passage of the pump and signal beams through the crystal.
The light intensity at the detector is
By detecting the intensity I(x, y) on the CCD with different phases φ, the object amplitude t(x, y) and the phase pattern γ(x, y) can be obtained. From Eq. (2), it can be seen that in each detector position (x, y) we will have a sinusoidal variation of the intensity with a controlled variation of φ. The visibility V (x, y) associated to each position is
where I max and I min represent the maximum and minimum intensities of the interference pattern at the position (x, y), respectively. So by measuring V (x, y) and inverting Eq. (3) we can recover t(x, y). The intensity maxima occur when γ(−x/2, −y/2) = φ/2, so that by measuring I max (x, y) for several different values of φ we can recover γ(x, y).
In the cases of "pure amplitude", t(x, y) with γ = 0 and "pure phase", γ(x, y) with t = 1 objects, an alternative method can be used. Replacing the visibility by a contrast
where I 0 and I π refer to the intensities measured with φ = 0 and φ = π, respectively, it is easy to work out 
Eq. (2) to show that
when γ(x, y) ≡ 0, and
when t(x, y) ≡ 1. We first illustrate our method by obtaining the relative intensity image of a letter 'q' printed on a transparency film positioned very close to the mirror M 2 in the scheme of Fig. 1. Fig. 2(a) shows the transmission object. Fig.  2(b) displays the relative intensity image on the CCD camera for φ = 0 and Fig. 2(c) displays the relative intensity image for φ = π. The contrast C(x, y) and recovered image of t(x, y) using Eq. (5) are displayed in Figs. 2(d) and 2(e) , respectively. It should be noticed that the contrast C(x, y) for a pure transmission object should lie between 0.5 and 1. However, due to intensity and pixel readout fluctuations, as well as residual phase variations in the transparency, C(x, y) may assume values less than 0.5 for some pixels. This leads to imaginary values for t(x, y) in Eq. (5). Those pixels (6.6% total) were discarded when applying Eq. (5).
As a second example, a phase image is produced by replacing the mirror M 2 and the transmission object O in Fig. 1 by a reflection type phase-only spatial light modulator (SLM). The SLM pixel size of 20 µm × 20 µm allows a good spatial resolution for the object exhibited in the liquid crystal display. Different gray scales on the SLM's display add different phases on the reflected light field. Fig. 3(a) shows the phase pattern used. Inside the letter 'z' the phase is π and outside it the phase is zero. This object has therefore a reflection coefficient r(x, y)e iγ(x,y) , with r(x, y) and γ(x, y) being real functions, in the coordinate axes given by (x s , y s , z s ) in Fig. 1 . There is not a signal double passage through this reflection object as assumed above for a transmission object and therefore Eqs. (2) and (3) ing substitution: [t(−x/2, −y/2)] 2 → r(−x/2, −y/2) and 2γ(−x/2, −y/2) → γ(−x/2, −y/2). In an ideal reflection phase object, r(−x/2, −y/2) = 1. For our SLM, r(−x/2, −y/2) = 0.94. The phase shifter is again adjusted for φ = 0 in the CCD image of Fig. 3(b) and φ = π in the image of Fig. 3(c) . The contrast C(x, y) and the recovered phase pattern γ(x, y) using Eq. (6) are shown in Figs. 3(d) and 3(e) , respectively.
To summarize, we were able to construct intensity and phase images of an object by detecting classical light which never interacted with it. We showed therefore that the method used in Ref. [6] , where quantum images of objects were produced by detecting photons that did not interact with it, has a classical analogue. As in the case a) of the entangled states produced in Ref. [6] , classical states of light produced by stimulated parametric downconversion also have a high degree of spatial and phase correlations. We have used these correlations to achieve our results. The truly quantum aspect of Ref. [6] is that high quality images were produced without stimulated emission, which cannot be explained by classical physics.
Besides the fundamental implications of this work, there are potential applications, especially because the frequency of the photons that interact with the object may be different from the frequency of the detected photons. Although the wavelength chosen for the idler and signal beams here are close, this is not necessary. Any two wavelengths that satisfy the phase matching condition can be explored. This fact can be used for optimizing the efficiency of the imaging procedure when the light that illuminates the object must have a frequency far from its absorption range. In biological samples, for instance, it may be useful to illuminate the samples with infrared radiation avoiding excessive light absorption and the consequent sample modification, while the light detectors are optimized to optical frequencies in the visible. Our technique can have the same future applications as the ones shown in Ref. [6] , except those which require quantum fields.
It is interesting to note that no phase locking between the input pump and signal beams is necessary to construct the image with the idler beam. In the stimulated down-conversion regime it is possible to speak about the phase correlation between the pump and the downconverted beams: the sum of the phases of the downconverted beams is equal to the phase of the pump beam. Therefore, the phase locking is intrinsic. A parallel between the stimulated down-converted imaging scheme and quantum illumination can be established. In both schemes a nonlinear crystal performs the correlation although in quantum illumination entanglement has a special role [29, 30] . In quantum illumination it is observed an effective signal-to-noise ratio gain in the detection of a weak reflecting noisy target by doing joint measurement between the signal photon transmitted by the target and the ancilla idler photon. It would be interesting to investigate this aspect also here as a classical counterpart. Another interesting feature is that the coherence length of the idler and signal beams can be very high, being defined by the coherence length of the input laser beams. This is not the case in the experiments discussed in reference [6] , since the coherence length of the photons generated by spontaneous parametric downconversion is determined by the inverse of the bandwidth frequency of the interference filters used at the detectors, usually being much smaller than what we have here. Our classical imaging technique can thus be used to image objects which present large variation in thickness throughout its profile. The high gain regime of our experiment also enables the high contrast imaging of objects that have very low mean transmittance [16, 22, 23] , which is often the case with biological samples. The length difference between the interferometer arms in our experiment do not need to be controlled with high precision as in the quantum version of Ref. [6] , making the classical interferometer easier to implement and more robust to noise. Another advantage is that classical fields have higher intensities and can generate an image much faster than in the quantum limit, where photons are detected one by one.
